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Abstract— The modeling, the control and the simulation of a Electrical

parallel hybrid architecture for an agricultural tractor propul- [ Elecirc _ Powerpah
sion system are performed in this paper. The systems involved in emat ] @ation Generaor. [ = =  Supercapacitor = = -:
the considered architecture are: an Internal Combustion Engine Combu(s;gg)'ingine X
(ICE), two Permanent Magnet Synchronous Motors (PMSMs), LockUp :
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a supercapacitor playing the role of the energy storage device,
a clutch allowing to enable/disable the electrical power path,

and finally the transmission system from the gearbox to the Trechanical
wheels of the vehicle. A control strategy aiming at minimizing

the ICE specific fuel consumption is then proposed and tested Front Axle

by presenting some simulation results.
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I. INTRODUCTION

The trend in modern vehicles on the road is more and
more towards the hybridization of the propulsion systene ThFg- 1.

potential reduction in terms of exhaust emissions can bring ) ) ) .
several advantages for all industries working in the autom@&@nergy conversions taking place along it. Nevertheless, it

tive and agricultural fields, both in terms of economic returiS the presence of this additional power path that brings
and in terms of improving the environmental sustainability@n important benefit of parallel hybrid architectures: the
In order to develop an effective control strategy for th&lécoupling of the ICE torque from the disturbances coming
system, it is necessary to rely upon an effective hybrigom the load. In a classical fully-mechanical transmissio
vehicle model. This paper deals with the modeling andyStem, neither the ICE speed nor the ICE torque are degrees
with the proposal of a control strategy for a parallel hybricPf freedom. This is due to two facts: the direct proportidyal
architecture, with the aim of reducing the specific fueP&tween the ICE speed and the vehicle speed through to the
consumption of the endothermic source of energy. engaged gear, and the ICE torque task of compensating the
Some of the advantages coming from the employment &xternal torque disturbances. In a parallel architecttire,
a parallel hybrid architecture are reported in [1]. AmondCE speed is still related_ to the vehicle speed, whereas some
such advantages, it is worth mentioning the presence of @b the external torque dlsturbancgs that come from the load
parallel power paths from the ICE to the tractor transmissioc@n be compensated by an electric machine acting as a motor,
system. The first one is direct mechanical power path, through the _mdlrect electrical power path. As a conseqeenc
which lets a given fraction of the mechanical power genth® most suitable ICE torque can be exploited as a degree of
erated by the ICE flow through a gearbox and be deliverdfeedom, while satisfying the constraints.
to the load. The second one is amlirect electrical power A schematic form of the hybrid architecture under con-
path. In this case, a determined fraction of the ICE powesideration is given in Fig. 1. From the figure, the reader
undergoes a mechanical-to-electrical energy conversjon §an appreciate the presence of the two power paths: the
means of an electric machine, gets stored in an energjechanical one highlighted by the red arrow, and the elec-
storage device, and eventually undergoes a final electoeal trical one highlighted by the green arrow. Focusing on the
mechanical energy conversion performed by another etectglectrical power path, Fig. 1 also shows the presence of a
machine. The first electric machine plays the role of &duction ratio denoted byR;;" in between the ICE and
generator to recharge the energy storage device. The secdig €lectrical generator. This is inserted in order to aehie
electric machine acts as a motor, in order to help the ICE @ proper matching between the operating regions of the two
satisfy the load required power level. elements. Additionally, a lock-up clutch is placed in bedwe
From this qualitative description of parallel hybrid ar-the electric motor and the rear transmission axle of the
chitectures, an important concept turns out: the indirecyehicle. This lock-up clutch allows to connect or discorinec
electrical path represents a high-frequency power patb. Tkhe electric motor from the transmission, thus enabling a

efficiency of the latter is generally lower, due to the twdully-mechanical operation of the vehicle if desired. Tkan
to the lock-up clutch, the inertial load associated with the
1Davide Tebaldi and?Roberto Zanasi are with the Department g|actric motor can be removed when the vehicle operates
of Engineering “Enzo Ferrari’, University of Modena and RBEg . . .
Emilia, ltaly, e-mail: davi de.tebal di @ninore.it, N fully-mechanical mode_..Downstream_ with respect to the
roberto. zanasi @ninore. it lock-up clutch, two additional gears introducing another

Considered parallel hybrid propulsion system: stmgoverview.



reduction ratio denoted byR;>” are present. The purpose The two “inverter subsystems” in Fig. 2 are based on the
of this latter ratio is to make the electric motor operatingrectorial control [14] with reference to the POG model of
regions compatible with the transmission operating regjionthe PMSM.

In order to maximize the benefits given by the devel- The dynamic model of the supercapacitor has been repre-
oped architecture, thenergy management problemust be sented by means of the POG block in the center-top part of
solved [2]-[8] for the considered hybrid architecture. As a Fig. 2.
example, the modeling and control of series hybrid electric The dynamic model of the vehicle transmission sys-
agricultural tractors is addressed in [8]. In particulavpt tem [15] has been derived by considering the front and rear
rule-based strategies are considered, having differayteds axles as a unique transmission axle, whereas the dynamic
of engine and battery usage. In general, the two electrimnodel of the lock-up clutch has been derived by applying
machines and the ICE must be driven so as to reduce thiee approach using the main and relative system dynamics
ICE specific fuel consumption, maintain the energy storagdescribed in [16].
device state of charge within an acceptable range andysatisf The modeling of the ICE is performed and detailed in the
the required power from the vehicle transmission system. next Sec. II-A.

A control strategy for the solution of the energy manage- ,
ment problem is proposed in this study, allowing to satisff™ Modeling of the ICE
the requirements, which uses the concept of i@EBimum As far as the ICE is concerned, two pieces of information
specific consumption patthA control strategy based on a are needed for the control of the considered hybrid vehicle:
similar concept is proposed by the authors in [9] for a hybridhe maximum ICE torqué&;.. . versus the ICE spedd;..,
architecture of the power-split eCVT type and in [15] for alogether with the ICEminimum specific consumption path
series hybrid architecture. The differences of thsimum which gives the optimal ICE torqué;..,,, expressed as a
specific consumption patim [9] and [15] with respect to function of the ICE speedl/;... Such pieces of information
the one proposed in this paper are detailed and describedaire graphically shown in Fig. 3, where the blue dashed
Sec. IlI-A. curve represents the characterisfic., .. vs W, and the

The structure of this paper is the following: the hybridmagenta dashed curve represents the B@&mum specific
architecture modeling is described in Sec. Il with refeeencconsumption pathl;..,, vs Wi... The colored areas in
to the Power-Oriented Graphs (POG) technique [10], givingig. 3 represent portions of the ICE specific fuel consunmptio
particular attention to the ICEinimum specific consumption map for which the specific consumption is decreasing when
path tool employed for the control. Sec. lll describes themoving from the red portions to the green portions (for which
control strategy for the architecture, which is applied byhe minimum of the ICE specific consumption is achieved).
a control logic determining the state of the vehicle (see The meaning of the ICEninimum specific consumption
Sec. IlI-A) and controlling the three power sources ICEpath for a parallel architecture significantly differs from the
electric motor and electric generator (see Sec. llI-B). Thene related to the power-split hybrid architecture desdtib
obtained simulation results are presented in Sec. IV. Kinal in [9] and to the series hybrid architecture described ir].[15
the conclusions are reported in Sec. V. The presence of a planetary gear set in power-split architec
tures makes both the ICE speé&d,.. and the ICE torque
T;.. exploitable as degrees of freedom. Similarly, the lack

Fig. 1 shows the parallel hybrid architecture analyzed iof a direct coupling between the ICE and the transmission
this work, whereas Fig. 2 shows the associated Simulink a series architectures makes both the ICE sp&ed and
block scheme. the ICE torqueT;.. exploitable as degrees of freedom. On

The systems in the architecture of Fig. 2 are, ordereithe contrary, the ICE speed is always coupled to the vehicle
from the top/left to the bottom/right corner, the electricspeed in parallel architectures, meaning that it cannot be
machine working as a generator, the inverter that controlbitrarily chosen.
this machine, the energy storage device (which is the super-It follows that the ICEminimum specific consumption path
capacitor named’,), the inverter that controls the electric for a parallel architecture i8V;..-dependentand addresses
machine working as a motor, the electric machine working ae following issue: “what is the optimal ICE torqUe..,,,

a motor, the ICE, the gearbox, the additional reductiororatiwhich minimizes the ICE specific fuel consumption over the
together with the lock-up clutch and, finally, the mechahicawhole ICE speed rang®;.. € [Wice,...., Wice,...]?"
transmission system of the vehicle. The procedure for computing th#/;..-dependentmin-

The modeling of the PMSMs employed in the architectureanum specific consumption patbf a parallel hybrid ar-
under consideration has been performed employing the PQiBitecture requires to analyze the whole ICE speed range
technique [10]-[11]. The project has involved the usag®V.. € [Wice,.,., Wice.,..]- FOr each ICE speed poifit;..,
of two industrial PMSMs. The estimation of the modelthe ICE specific consumption map can be exploited in order
parameters has been accomplished by using the machitedind the most suitable ICE torqug.. along the y-axis,
datasheet as a starting point, by performing the systesee Fig. 3, that minimizes the specific fuel consumption of
efficiency analysis [12]-[13] and by using a least squarthe ICE at the considered ICE spe&d. ... This task has
algorithm. been carried out by a Matlab function made for this purpose,

II. MODELING OF THEHYBRID VEHICLE
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Fig. 2. Simulink block scheme of the considered parallel lylpriopulsion system.

Wic..-dependent ICE minimum specific consumption path

IIl. CONTROL STRATEGY

In this section, the description of the control strategy
developed for the parallel hybrid architecture under abnsi
eration is given. The load power demand is met using the
two power paths in the system: the electrical one and the
mechanical one. Therefore, the energy management problem
is solved by presenting the power sources control. The
available power sources are: the ICE, the electric motor and
the electric generator. The control of the three power ssurc
is handled by a control logic having two main purposes:

1000 1200 1400 1600 1800 2000 2200
Wice [rpm] « A) Determination of the currenwehicle state see

Fig. 3. ICE minimum specific consumption path dependent on tie IC Sec. llI-A; ) )
speed in the operating plan®%c., Tice)- « B) ICE, electric generator and electric motor control

according to the currentehicle statesee Sec. IlI-B;
and the computed minimum specific consumption points for
each ICE speedl’;.. are shown in Fig. 3 by red spots. TheA. Determination of the vehicle state

m%?rir:ri Cshaer?i::’itcer;t'nCS:]mF'gbg IS thHe ta\f\fiﬁ&lkee_%i%zndﬁ?etz The control logic makes a decision about 8tateof the
P P P ) vehicle at each time step on the basis of the current value

latter exhibits transitions which are less abrupt compare three decision variablesv,, Ti,.,.. and V., that are the

to tho_se n th_e rled path, and has been obtained using t\Béghicle speed, the torque which would be required to the ICE
following relation:

if there were no electrical path (fully-mechanical opergti
po=4.79 - 103 mode) and the voltage drop across the supercapacitor, re-
Tice =po+Wicepr + W2, pa, Where {p,=—26.64 . (1) SPectively. From now on, variablg.,, will be referred to
as “fictitious torque required to the ICE”, since it coingde
p2=0.064 with the actual ICE demanded torque iff the electrical path
As far as the ICE speed rang€;.. € [0, Wj..,... ) is con- is disabled or the electric motor is not required to provide
cerned, the ICE optimal torqug.,,, giving the minimum its contribution.
specific consumption is assumed to be linearly increasing The discriminating thresholds for the thrdecision vari-
from Tie,,, = 0 at Wi.e = 0 until the beginning of ablesv,, Ti.,., andV. are calleddecision parameters,,,
the minimum specific consumption patbe. until W;.. = T; V. and V., . The first decision parameter, is

Ceopt Clow

a constant representing the threshold vehicle speed above

CEmin "



which the lock-up clutch opens, thus disabling the electrit, ,, see Fig. 4. In this state, the control logic imposes the
cal power path and the vehicle passes in fully-mechanicébllowing equalities:
operating mode. The second decision parameter , is a

time-variant parameter representing the optimal ICE terqu Ar.. = Ticereq = Ticeop

versus the ICE speet;.. given by theminimum specific Ticeqe, = Ticeop:

consumption pathccording to (1). The third and fourth deci- Ar. (2)
sion parameter¥,,  andV.,  are two constant parameters Tgerm = <R> Rz

representing the lower and upper thresholds of the voltage T __— 7

9dem

V. across supercapacitdr;, the latter being related to the ] . .
supercapacitor state of charge. Because of the dynamics'¥f€reZiy is the reduction ratio of the currently engaged gear
the considered system, a safety range is left betwiéen, and R, is the reduction ratio introduced by the gears placed

V..., and the actual minimum and maximum threshdfgs downstream with respect to the lock-up clutch, see Fig. 1.
and V' , respectively, such that: o From (2), one can see that: the ICE actual demanded

torqueT;,.,.,, is determined so as to keep the ICE operating
and Vc/up > Ve, point along theminimum specific consumption patthe

The considered parallel hybrid architecture is characte‘re—IectrIC motor actual dema’.“?'ed torqig,,,, is determined
n order to convert the additional ICE torque requést,

ized by five states: States from 1 to 4 are characterized b X .
y to a request for the electric motor, and the electric gatoer

the vehicle operating in hybrid mode, whereas State 5 | . .
characterized by the vehicle operating in fuIIy-mechaInicaaCtLIaI demande_d torquk, , 1S set to Zero in order not to
ake the electric motor and the electric generator opetate a

mode. The entering/exiting conditions according to whic _

the control logic makes a decision about the current vehicf e same time. S .

state are described in Fig. 4 with the aid of a flowchart. 2). State 2:The vehicle IS I this state when the superca-
pacitor must be recharged, i.e. when< V., = (see Fig. 4)

B. Control of the power sources in order not to cause voltagé. to go below the minimum

A Proportional-Integral-Derivative (PID) controller igne ~ thresholdVe, . In this state, the control logic imposes the
following equalities:

v <V,

Clow Clow

ployed to translate the ICE speed ermdyy,,, = Wice,.. —
Wice into the fictitious torquel;.., ., required to the ICE. A v _v
Thanks to the presence of the two parallel power paths, such Ve o ored ¢
fictitious torqueT..,., is properly split between thactual Tysew = —KAy,
torqueT;.., ., demanded to the ICE and the actual torque Ar,, = —Tg,.. Ru 3
Tn,.,, demanded to the electric motor depending on the Ticeson = Ticeroy + At
vehicle state. T o 0 ’ B
A proportional controller is employed to translate the MMdem

supercapacitor voltage errdry, = V., , — V. into a desired whereK is the properly set gain of the proportional regulator

torque for the electrical generat®y, ., in order to recharge converting the supercapacitor voltage erfoy. into a torque

the supercapacitor whéi. < V, . The reference value for demanded to the electric generaiqy, ..

the supercapacitor voltadé, , , is defined as the arithmetic ~ From (3), one can see that the ICE actual demanded torque

mean of the upper and lower voltage thresholds, and  Tjc,.,, is determined in order to fully satisfy the request

Verows Verer = Vew, = Veron)/2- Tice,., t0 guarantee that the ICE and thus the transmission
From these considerations about the determination of thll follow the desired speed profile and in order to provide

demanded torques, the reader can evince thaae control the electric generator with the demanded torque I&yel .

is applied to the three power sources. The electric motor actual demanded tordlig,_,, is set to
The vehicle stateuniquely determines the proper torquezero in order not to make the electric motor and the electric

demandsTi.,.,., Tm,., andT,, for the three power generator operate at the same time, whereas the electric

sources ICE, electric motor and electric generator in ordgenerator actual demanded torgiig, = is determined in

to fulfill the requirements: minimize the ICE specific fuelorder to properly recharge the supercapacitor.

consumption, satisfy the power demand coming from the 3) State 3:The vehicle is in this state when the fictitious

transmission and make sure that the supercapacitor voltal§gE demanded torqué;..,., is lower than the optimal one

is always confined in between the minimum and maximuri;..,,, and the supercapacitor voltagé is lower than the

acceptable thresholdg’ andVC’W. The five possible vehi- upper threshold/,, , see Fig. 4. In this state, the control

cle states characterizing the considered parallel acthite logic imposes the following equalities:

and the corresponding control actions are discussed in the

following. ATiee = Ticeop = Ticereq
1) State 1:The vehicle is in this state when the fictitious T _ _Arn,.
torqueTic.,., required to the ICE is greater than the optimal Gdem Ry 4
oneT;.,,, and the supercapacitor is sufficiently charged to Ticeaemn = Ticeop:
sustain the operation of the electric motor, i.e. whgn> Tgern = 0
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Flowchart describing the determination of the cursrehicle state.

From (4) one can see that the ICE actual demanded torq(leecauseV. >V, is already verified, and/, < VC’W has
Tice,.., 1S determined so as to keep the ICE operating poirtb be guaranteed).

along theminimum specific consumption pathd the electric

5) State 5: The vehicle is in this state when the vehicle

motor actual demanded torqag,,,,, is set to zero, in order speedv, is greater than threshold, (v, > v,,), therefore

not to make the electric motor and the electric generatgre
operate at the same time.

The electric generator actual demanded tordig,,, the
is determined in order exploit the additional ICE torque
Ar,.., which is not required by the transmission, in order
to recharge the supercapacitor. The philosophy behind this
choice is the following one: since the transmission torque
request is such as to make the ICE torque lower than the
optimal one, thus rising the specific fuel consumption of
the ICE, and since the supercapacitor voltage is lower than
Ve.,» it makes sense to improve the specific fuel consumption
of the ICE by setting the ICE torque equal to the optimal
one and to exploit the ICE extra torque to recharge the
supercapacitor as much as its characteristics allow.

4) State 4:The vehicle is in this state when the fictitious
ICE demanded torquéi.,., is lower than or equal to
the optimal oneT..,,, and the supercapacitor voltage
is greater than or equal to the upper threshbld , see
Fig. 4. In this state, the control logic imposes the follogvin ~ *
equalities:

Ticedem = Ticercq
Tngern = 0 (5)
T =0

Gdem

From (5), one can notice that the ICE actual demanded
torque Tj.,.,, coincides with the fictitious torqud..,.,
which would be required to the ICE if the electrical path
were disabled, since both the electric motor and the etectri
generator actual demanded torqugs, ,, and7,, = are set
to zero.T,,,.. is set to zero because there is no need to
perform torque compensation as the ICE demanded torque
is lower than the optimal on€f,,_ is set to zero because
it is not possible to exploit the fact that the ICE demanded
torque is lower than the optimal one in order to recharge
the supercapacitor, since it cannot be recharged any furthe

control logic opens the lock-up clutch to disable the

electrical power path. In this case, the control logic imgss

following equalities:
ﬂcedgm = /Ticemq
Trger, =0 if V.> V;ref
9dem = 0
ATice = Ticemas — Ticereq (6)
icedgem = Licemas )
Ar, it Vo<V,
T — _ ce -
g em
¢ Ry
maem = 0

Relations (6) highlight that State 5 is decoupled into two
substates:

When V. > V., ., the ICE actual demanded torque
Tice,.,, 1S simply set to be equal to the ICE ficti-
tious demanded torqué.., . , since this is exactly
the case of fully-mechanical operating mode. Indeed,
it is fully up to the ICE to satisfy the transmission
torque request. The electric motor and generator actual
demanded torque¥;,, . andT,, = are therefore set

to zero.

When V. < V., ., the ICE actual demanded torque
Ticey.,, 1S set to the maximum torqug..,,,, available

at the current ICE spee@;.. until V. =V, .. The
electric motor actual demanded torqilg,,. . is still

set to zero, as the lock-up clutch is open. The electric
generator actual demanded tordlig,,, is determined

in order to exploit the additional ICE torqu®r,, So as

to recharge the supercapacitor, in order for it to be fully
operative when the vehicle leaves State 5 and enters in
hybrid mode again.

dem
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The three subplots in Fig. 6 show, from top to bottom, the

Fig. 6. Desired and actual ICE speed; Desired and Actualtiideldotor

Speed; Desired and Actual Electric Generator Speed; . desired and actual ICE speed§,., . andW;.., the desired
and actual electric motor speets,,,.. andW,,,, the desired
IV. SIMULATIONS and actual electric generator spe&ds, . andW,, where the

The architecture whose Simulink scheme is shown idesired profiles are plotted in blue dashed lines and thalctu
Fig. 2 has been simulated by making the tractor follow @rofiles are plotted in red lines. The actual speed profiles in
determined speed profile. During the simulation, the vehiclFig. 5 and Fig. 6 agree with the desired ones, showing how
is subject to a wheels load force associated with the tracttie joint contribution of the three power sources ICE, elect
operation. The parameters values inserted in the modedi couhotor and electric generator, which are properly contdblle
not be shown because of trade secret. The simulation resuftginks to the developed control strategy, effectivelystiat
are provided in Fig. 5, Fig. 6, Fig. 7, Fig. 8 and Fig. 9.  the transmission power demand.

The upper subplot in Fig. 5 reports the desired vehicle The upper subplot in Fig. 7 reports: the actual ICE torque
speed profiley,,.. (blue dashed line) and the actual vehicleT;.. (red curve), the equivalent electric motor torqiig,
speedv, (green line). The middle subplot shows the wheelseported on the ICE shaft through the currently engaged gear
load force Fj,qq that the vehicle is subject to during its R, and ratioR;, (blue curve) and the modulus of the equiv-
operation. The lower subplot in Fig. 5 reports the geaalent electric generator torqug, reported on the ICE shaft
signal, denoting which gear is engaged at different vehicliarough ratioR;; (green curve). The actual valuesGf are
speed. The red dashed line in the upper subplot highlightegative, denoting the operation of this electric machsa a
the vehicle speed threshotd, = 20 [km/h] above which generator. The middle subplot in Fig. 7 reports the fictgiou
the vehicle enters State 5, denoting the operation in fully)CE required torquel;.., . that the ICE should provide in
mechanical mode. This operating mode is activated whdnlly-mechanical operating mode and the equivalent motive
the tractor is traveling by road. In this case, the tracteras torqueT;..,, available on the ICE shaft, which is given by
operating on the field and is subject to a lighter load forcahe algebraic sum of the three power sources torques reporte
therefore no torque compensation by the electric motor is the upper subplot of Fig. 7. The lower subplot in Fig. 7



Supercapacitor Voltagé/,

750 T

been shown, which allows to minimize the specific fuel
consumption of the ICE, control the supercapacitor state

=7 of charge and satisfy the transmission power demand. The
efficacy of the control strategy has been shown thanks to
650 T 1 15 % = w w0 = = some simulation results of the considered parallel hybrid
o0 EM and EG Inverters Currentsy (green),I, (blue) agricultural tractor.
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V. CONCLUSIONS

This paper has concerned the modeling, the control and the
simulation of a parallel hybrid architecture. The modelaig
the physical elements has been described with reference to
the Power-Oriented Graphs technique. An effective control
strategy for solving the energy management problem has



